Determining slope stability in a mining operation is an important task. This is especially true when the mine workings are close to a potentially unstable slope. A common technique to determine slope stability is to monitor the small precursory movements, which occur prior to collapse. The "slope stability radar" has been developed to remotely scan a rock slope to continuously monitor the spatial deformation of the face. Using differential radar interferometry, the system can detect deformation movements of a rough wall with sub-millimeter accuracy, and with high spatial and temporal resolution. The effects of atmospheric variations and spurious signals can be reduced via signal processing means. The advantage of radar over other monitoring techniques is that it provides full area coverage without the need for mounted reflectors or equipment on the wall. In addition, the radar waves adequately penetrate through rain, dust and smoke to give reliable measurements, twenty-four hours a day. The system has been trialed at three open-cut coal mines in Australia, which demonstrated the potential for real-time monitoring of slope stability during active mining operations.
INTRODUCTION
Monitoring slope stability is a critical safety issue in coal mines. Major wall failures can occur seemingly without warning, causing loss of lives, damage to equipment and disruption to the mining process. US Mining Safety and Health Administration reports indicate that highwall fatalities account for around 10% of surface fatalities in US coal mines [1] .
Tell-tale signs of slope instability include the opening of cracks on the wall surface and crest, audible creaking, and increased trickling of spoil from the rock face. It is difficult to predict the progression of such signs to slope instability. With highwalls and in-pit benches in particular, movements may accelerate with little or no warning. Hence, mines take a conservative approach when deciding whether to expose personnel and equipment near a potentially unstable slope. Overcautious decisions impact on mine productivity.
A more reliable determinant of slope instability is the measurement of outward movement and acceleration of material as an instability mechanism develops. There is strong evidence that small precursor movements of the rock wall occur for an extended period (weeks to months) prior to collapsing [2] . The acceleration of movement and the point of failure vary for different slopes failure mechanisms ( Figure 1 ). The type of failure mechanism depends on the rock mass and underlying geology. For example, wedge and plane-type failures occur where highly faulted/jointed rock masses and steeply dipping layers are prevalent. Another example is circular-type failures of mine spoil piles, where mining destabilizes the pit floor below the spoil pile.
There are various monitoring systems that can measure the movement of the rock face [3] . Geotechnical specialists can interpret the pattern and history of movement to improve prediction of the failure process, and to advise appropriate and timely stabilisation or safety management actions. Mines can use such information to more reliably assess risk and maintain records for due diligence purposes. In addition, monitoring systems can sound an alarm to warn workers when the movement or acceleration of the rock face exceeds a set threshold.
Current monitoring methods at some mines use extensometers and laser EDM (Electronic Distance Measurement) to measure the dilation of cracks appearing on the crest or face of the rock slope. These methods monitor points or lines on the wall rather than the area of the wall face, which makes interpretation of failure mechanisms very difficult [4] . In addition, these methods are costly and time consuming to set up and relocate because they usually require the careful placement of sensors or reference reflectors on unstable or inaccessible ground. Other researchers have suggested the use of reflector -less laser EDM, however currently available systems are extremely expensive to purchase, and they do not have the desired accuracy (errors of ±5 to ±10mm when measuring to a light-colored, perpendicular, flat surface [5] ).
The slope stability radar is a new technique for monitoring mine walls and general slopes. The concept is based on the considerable success achieved by differential interferometry obtained with synthetic aperture radar, which can measure small movements of land masses from satellites (for example: along-fault slippage associated with earthquakes; ground subsidence associated with underground mining; velocity of slowly moving ice masses [6] ). Instead of using synthetic aperture radar from a moving radar platform, the slope stability radar uses a real-aperture on a stationary platform positioned 50 to 400 metres back from the foot of the wall (Figure 2) . The system scans a region of the wall and compares the phase measurement in each footprint (pixel) with the first scan to determine the stability of the slope and the nature of the movement (Figure 3 ). The advantage of radar over other slope monitoring techniques is it provides full area coverage of a rock slope without the need for reflectors mounted on the rock face. The radar wave adequately penetrates through rain, dust and smoke to give reliable measurements, although reduced accuracy occurs in pixels where there is low phase correlation between scans (eg. vegetation on the slope).
SYSTEM HARDWARE REQUIREMENTS
The most critical performance requirement for a slope monitoring system is the outward movement accuracy of 1 mm or less. Although the outward movement accuracy of the interferometric technique is independent of range, a maximum range of 500 metres is specified for the slope stability radar, so that enough reflected signal from the rock slope would be received. Typically though, the system would operate closer to the rock slope to improve the spatial resolution of the measurements. The outward movement accuracy of the system is determined by the inherent stabilities of the electrical system, the mechanical structure, and the atmospheric conditions. The electrical and mechanical specifications were set such to be below the errors expected due to atmospheric disturbances in the path. These can be corrected to 3 ppm using atmospheric measurements, although 1ppm can be achieved using special techniques [7] . This higher accuracy corresponds to 0.1 mm for a radar range of 100 m. Setting the system accuracy for the electrical and mechanical specifications to this value allowed the true limits in monitoring deformations using radar interferometry to be determined. With a lower accuracy, the equipment would limit the performance, rather than letting the unavoidable environmental effects define the accuracy. Setting a high system accuracy does not mean that an outward movement accuracy of 0.1 mm will be achieved. Instead, other effects such as changes in the rock surface from atmospheric effects (eg. rain) will limit the measurement accuracy.
The system consists of two main parts: the scanning antenna and radar electronics box connected via an umbilical ( Figure  4 ). The scanning antenna consists of a 0.92m diameter, X -band, parabolic dish mounted on a sturdy tripod and controlled by separate motors and gears for azimuth and elevation movement. The beamwidth of the antenna is approximately 2 o . The mechanical pointing accuracy and tripod stability requirements were designed to be within the system accuracy specification. A computer in the radar electronics box can position the parabolic dish to anywhere between -15° and 165° in elevation from the horizontal, and between -170° and 170° in azimuth. The 2D scan region is set manually for the application. The scan speed is approximately 25 minutes for 4000 pixels on the wall. The pixel size on the 2D image is determined by the range extent of a 1° angle increment. For a rock slope at 100 metres range, the pixel size will be approximately 2m x 2m. Two-by-two pixels constitute one spatial resolution cell provided by the 2 o beam divergence of the antenna.
The umbilical between the scanning antenna and radar electronics box transfers power, control signals and intermediate frequency signals. The radar electronics box houses the computer, radar source and power supply modules in an airconditioned and shock-mounted environment. A generator that has extended fuel tanks for 3 days continuous operation powers the equipment. An earth leakage breaker and high-temperature thermocouple are installed for protection. 
Radar Electronics Scanning Antenna
The radar source in the radar electronics box produces an intermediate frequency signal that is transmitted via the umbilical and up-converted to an X-band carrier frequency at the feed of the scanning antenna. Range resolution of 1.5 metres is provided by a stepped-frequency waveform with 100 MHz of bandwidth. The maximum transmitted power from the feed antenna is 30 mW. The received signals are downconverted to the intermediate frequency and sent via the umbilical to the radar electronics box and recorded by the computer. The specifications for electrical stability, signal phase stability and signal-to-noise ratio were set to be within the system accuracy specification of 0.1mm.
SIGNAL PROCESSING
The system uses a real aperture to scan the wall face, producing a range profile for each pixel on the wall. The result of this imaging method is a 3D matrix with coordinates elevation (el), azimuth (az) and range (r). The received signals are processed in the radar software and post-processing software to correct for atmospheric fluctuations and ignore spurious reflections other than the wall reflection ( Figure 5 ). To produce an interferometric image, one approach is to perform the interferometric processing on the entire 3D data set collected: (el, az, r) are the received signal at time 1 and time 2., and * is the conjugate operator. Displaying the resultant 3D interferometric image is difficult to manage for large data sets. Thus, it was decided to reduce the size of the data, while still retaining the wall deformation information. In the initial scan of the rock face, the range cell for each pixel on the wall is measured and used for subsequent scans to form 2D array (in azimuth and elevation) of signal values. Standard differential interferometric processing is then applied to the data, producing an interferogram of the wall surface.
Atmospheric disturbances caused by local changes in temperature, pressure and humidity are automatically compensated using the radar data for changes in the propagation velocity. Phase ambiguities occur in the measurements if outward wall movements are greater than λ/4. As the system has a high repeat rate compared with the time mechanics of slope deformation, phase unwrapping can be performed on a pixel-by-pixel basis through tracking the change over time. A spatial filter is then used to smooth the interferogram, and reduce phase errors caused by signal fades to pixels with a low signal-to-noise ratio.
Because there is no reflection target in the sky, the interferometric phase variation is random and hence is masked in the interferogram. In addition, incoherent phase A time series of interferograms are combined to make a movie, thereby conveniently displaying the temporal and spatial movement characteristics of the wall surface. The amount of outward or inward movement of each pixel relative to the radar position is indicated by a colour change. The displacement history of selected regions can be displayed by spatially averaging over an unstable region and compared with a stable region. A polynomial regression fit to the data points can be made to measure the outward acceleration of the rock mass. A graphical user interface has been developed to display and compare the interferograms with co-registered images of the reflection amplitude, reflection range, or photographed scene. It also allows regions to be selected for continuous tracking and an adjustment of the various parameters used in the image reconstruction tools. A typical display of the GUI is shown in Figure 6. 
FIELD RESULTS
The slope stability radar first monitored an unstable slope at Drayton Coal Mine in New South Wales, Australia in late 1999. Extensometers on the brow of the slope had shown significant stick-slip movement of cracks (0-200 mm dilation) over the six months prior to the trial. However the slope was relatively stable during the period the radar was monitoring. The plane of weakness, on which the rock was slipping, could be clearly seen by its surface expression on the rock face. Extensive cracking was evident to the left, indicating the extent of the unstable region. This unstable section was expected to initially move out and then down to the right if it failed. The radar was placed at a safe location some 100m from the face, and scanned the scene containing both stable and unstable areas. The radar acquired deformation measurements across 3870 pixels in the scene, with each pixel measuring approximately 2 metres wide by 2 metres high. One complete scan of the scene took approximately 25 minutes. The radar continuously scanned the scene across the twelve day period. Figure 7 also contains an interferogram produced by the radar after 6 days of monitoring. A test was performed where a spoil pile located in front of the rock slope was manually disturbed. This induced change is clearly seen in the circled region of the interferometric image.
After the trial was completed, further analysis of the data showed that the unstable section of the wall had moved 2 mm over the twelve days of monitoring. Measurements from a region in the unstable section were averaged and compared with an averaged region in the stable section. The result is shown as Figure 8 . The curve is a polynomial regression fit to the data points indicating an outward acceleration of the rock mass. This result is broadly consistent with the wire extensometer readings during the trial period.
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Figure 7 -Photograph and interferogram of slope over six day period. The sky has been masked out. The grassed areas at the top of the slope have been whitened out. Dark pixels on the wall are due to weakly reflected signals. The circled region is movement caused by manual disturbance. Otherwise, the slope appears to be stable.
Stable Unstable

Surface Expression
The slope stability radar was further tested at Moura mine in Queensland, Australia in early 2000. For the first five days, the radar monitored the highwall face above an active highwall mining operation. The radar was positioned 75 metres back from the highwall, and scanned a 120 m wide by 50 m high region of the face ever 25 minutes. The progression of the launch vehicle along the highwall could be seen in the time-elapse images produced by the radar. Haul trucks operated directly in front of the radar, and sometimes blocked the view. Figure 9 shows a photograph image of the view, and a radar image after 2 days of monitoring. The highwall area immediately above the launch vehicle had moved 2 mm outwards relative to the stable sections to the left and right of the scene. The highwall mining unit and machinery operating around the base of the highwall exhibit random phase measurements in the interferogram.
About one week since the radar left Moura, a 25m wide by 30m high section of the highwall collapsed alongside the launch vehicle. A dotted circle in the photograph of Figure 9 marks this region. There may be early signs of movement in the interferometric image, but it is unknown if these were a pre-cursor to failure because the radar did not monitor this region for the days leading up to the failure. Figure 10 is a graph showing the outward movement of the wall above the launch vehicle over the elapsed time. A total movement of 6 mm occurred during a 6 day period. It is interesting to note that movement of the highwall occurred only during mining. No movement was detected while the launch vehicle was being moved to the next drive, nor during the maintenance downtime (between hours 58 and 88). During these times of total wall stability, the standard deviation error of the system was measured at 0.1 mm. A short period of rain occurred at the 90 hour stage of the trial. Rain affects the deformation measurement by randomly changing the rock slope surface characteristics. This induces an error in the measurement, which was averaged out over a region of the wall, or removed for subsequent scans by initializing the phase reference image. Figure 10 shows that the actual wall movement appeared to increase after the rain period (at 90 hours).
For the last two days of the Moura trial, the radar was positioned at another site where a highwall had failed several weeks prior (Figure 11 ). The radar detected the fall of an overhanging rock near the top of the highwall to the spoil pile below. No other highwall movements at this site were apparent.
An operational test of the slope stability radar was conducted at Callide Mine in Queensland, Australia over a 3 month period in 2000/2001. The system was employed by the mine personnel to assess the stability of a highwall below an active mining operation. The previous Figure 6 shows an example of the data collected during this extended field trial. Total wall movement of 30mm was recorded by the system over the unstable section. The system provided the mine personnel with an increased level of confidence in assessing the stability of the highwall. 
CONCLUSIONS
The slope stability radar has been developed to remotely scan a large section of a wall or rock slope, thereby allowing continuous monitoring of the face deformation. Such deformations are expected to give an early indication of wall instability. The system directly measures the outward displacement of the wall using radar differential interferometry. This technique overcomes the need of a highly stable footing that is required by other electronic-distance-measuring systems.
The system has been tested at three open-cut coal mines that exhibited slope movements. Outward movements of rock slopes were measured by the system with accuracies better than 1 mm in these typical mining environments. The accuracy limitation is primarily due to atmospheric changes that either affect the surface conditions of the rock slope (caused by rain) or change the propagation characteristics of the radar waves. Averaging the measurement over a spatial region can minimize surface condition changes. Comparing the movement of an unstable region with a stable region can compensate for propagation changes. The spatial resolution and update rate of the prototype system are adequate for monitoring precursor movements of a rock slope at close range (ie. less than 500 metres).
